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PUNIIVG OF WATERCRAFT1 

By Herbert Wagner 

Since form drag due t o  f r i c t i o n  is noaexistent during g l id i cg  (or 
plafiing), the f r i c t i c n a l  drag can be a2plied as subsequent correct!on, 
The possibilit:: d :  . , . 2 1 3 . S ~  the convenbicmal drag 1ewe has already been 
p a r t u  ve r i f i ed  by model tes t  (Sottorfi ,  
not discussed fur ther .  

These f r i c t i o n a l  forces  a re  

I n f i n i t e l y  ana11 inc l jna t ion  of the bottom i n  a f r i c t i o n l e s s  f lu id ,  
the drag can be separated exactly into we%-e drag and spray drag: wcve 
drag contains the t o t a l  motion energy rexaimag behind the planing surface; 
when inffinltefy t h i n  s p a y  h i t s  the water surface, the energy contained 
in  it i e  dissjpated 8.8 tur'bulence. FJ?-ther divis ion of the wave drag 
8% low speeds into a gravi ty  efi'ec'c (displacement drag) end a dynamic 
e f fec t  (planing drag) ciow not appear possible forthwith. 
speeds, o r  more accurately, for great wave J.engths compared t o  plar ing 
surface dimensions, the motion energy (wave e n e r a )  remaining behind 
the plar,iw swface  becomes independent of gravity; heme it ie :de+ 
t i c a l  with the induced drag of t h e  gravity-free motion. 

A t  high 

A t  great ( f i n l t e )  mgles of attack an exact diVi6iOn of' the  drag 
i n t o  wave drag and spray drag i3 notpossible .2  The water pushed dovn- 
ward behind the planiw surface and the water fron the sides meet and 
throw up new spaye ,  and the air carr ied deep 6owfi below the watar mr- 
face  i t se l f  is Indicative of the formation of vortiex stlrfaces end its 
cor re la ted  energa- dissipation, A t  low speed6 the water f lowicg l a t e r a l l y  
s t r ikea  the rear port ion of tine aides of the planing boat and shoGta up ' 
i n t o  the air. 

.. 
1"Uber das Gleiten von Waese~€%hrzeugen. " Jahrbuch der Schiffbau- 

bchnik, VCl. 34, 1933, pp. 20>227* 

2The decompoeition of the ship drag in to  f r i c t i o n  drag, fcxn dra.g, 
and wave b a g  is, after all,  cnly a technical expedient. 
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The processes durlng ray!.(? p L a n i ~ e  and a t  ern11 -.es of a t tack  
lncl-udi a3 nonstationary ao t lon  ap2ear to ba theoret ical ly  explained 
by the airfoil  comi,arlsoii. 
exact in formt ion  i s  obtainable by the .theory even for  f ini te  inclina- 
t i o n  of planing bottom. 

I n  soue s!rn.oJe cases,of ra35.d planing 

I7owever, I t  shou3.d be borne in  mind t h a t  the a t t i t ude  of slow plan- 
ing i s  tochni.zally ixqortant a l so  and accurate information regard.ing it 
is st i l l  veq- scarce,  

DflRODUCTIOIV 

The present report  deals with the processes accmpanyiig the plan- 
ing of a Flaning boat or  a 3e!qlam? on water. 
based upon theore t ica l  inv'estigntions; mathmatics1 probl-ems and proof 8 
a re  not diecuesed. 
giving due cons idera t im t o  all aepecte of the problem, is probably 
not  possible. The theoriee therefore treat various eimTLe l imi t ing  
cases, which i n  t h e i r  e n t i r s t y  give a :?lcture of the planing processes 
and enable the in te rpre ta t ion  of the experimental reaul t s .  
cussion i s  concerned with the s ta t ionary planing a t t i t ude :  the boat 
planes a t  a constant s p e c  V on an or ig ina l ly  emooth surface. 

Ths study i s  la rge ly  

To analyze theoret ical13 ac tua l  planing processee, 

m e  dis- 

LimitinG Case of Rapid Planing, t h a t  is, Gravity Disregarded 

The discussion s t a r t e  with the condition of very fas t  planing of 
a small boat. 
(planing forces),  and the great;er the reduction i n  the s t a t i c  pressure 
of the water (displacement 1 i f t ) r e i a t i v e  t o  these forces.. The order of 
magnitude is  given by the depth of immersion of the boat (references 1 2nd 2) 
This ultimately leads t o  disregarding the s t a t i c  pressure; t h a t  is, I t  
leads t o  the concept t ha t  the f l u i d  with the or ig ina l ly  f l a t ,  f r ee  6 ~ -  
face i s  i n  a epace devoid of gravity.  

The f a s t e r  the bzat  planes the grea te r  the dynamic forces  

F l a t  Plate,  Two-Dimensional Prcblem (Reference 2)  

The simplest fnm of the planing bottom i s  R f l a t  p l s t e  with very 
great  ( i n f in i t e )  wiath. 
pressurs dis t r ibut ion f o r  d i f fe ren t  angles of a t t ack  
forward. 
face)  is  almost twice as grea t  as the planing spesd 

Figure 1 shows the  form of the f r e e  surface and 

The speed of the water i n  th.3 spray ( i o r  a moving planing Sur- 
p; spray is thrown 

v, 
The planing force R can be computed; it Acts perpendicul-ar t o  the 

p la te .  Enerey i s  needed t o  overccme the drag w = R e i n  p. Behind the 



I 

NACA TM Bo, 17-39 3 

planing eurface t h e  %rater eventually bocoEes pe1-f ect1;;T still; hence no 
energy renains. The entire erAerESy cori+esjjonding t o  the drag W is 
disaipsted i n  the s y a y .  Only spray &ag, Knat is, drag corr,esponding 
t o  the spray enerey, occurs, and, na wive drag. The ame holds f o r  
gravity-Tree motion f dr inf  initeely wiCe 2laninl: surfaces of any p-of i le .  

A t  point C, ;There the flow divides, the highest  preseure a t  a l l  
angles of at tack is  the k m i c  preesixe pUax = PV2. A t  emall 
angles o€ at tack the pi-esewa In the entire rear por t ion  of the p la te  
dray l i nea r ly  with decreasing angle of attack; a t  i n f i n i t e l y  small. 
angle of a t tack  it is  ini ' initely small. c o q m e d  t o  the pressurs peak 
a t  the fomrard edge. This sua11 ai-ea a t  the fomard  edge is  termed the 
spray root. Thls flow area is, a t  p m L l  mgles  of attack, geometyic- 
a l l y  similar f o r  a l l  angles, i t s  measure : s  deflned bj. the spray thick- 
ness 6. Since t h i s  thic-knesc, l i ke  the &aG, decreases proportionally 
with the square r n  the angle of attack, thz area of the spray root  a t  
very smll angles of a t tack is  cxtremely mall, and alznost pGintlikS. 
The region beyond the spmy root is dt;ei@ated as the pr inc ipa l  area. 

2 

"he root  area can be ccn-puted ir-dependently of the r e s t  of the flow, 
(reference 2, p. 197). It is i ~ u s t r ~ t a d  ir, f igure  2. 

c 

Pla tes  with In f in i t e ly  &!all Angle of Attsck 

Ai r fo i l  Comparison (Refei-ence 2, p. 199) 

Bigwe 3 i l l u s t r a t e 8  the flow pzst  c". f l a t  wixg of l n f l n i t e  span. 
Tha thic;mess of the wing is very ( in f in i t e ly )  mall. 
trailing edge is smooth, as f o r  the planing surface. There is, hGwever, 
et h i &  speed an upward flow around the leading edge of the wing (fig.  3 ,  
Lottom). Since a high negative pressure correepor-ds t o  a high speed, 
the l:a&i:& zdgc sf t h e  wing i 5 pullet? fayvzyd hv " tho Y A Y  f7nid. A > _ -  

int rodwed acre  is  cal led the "EucticT; force" S, =& the flow i n  the 
~ tma of the leading ed-ge the "suction point." ame r e s t  of the flow area 
is  Cesigriitec? ac pr inc lpe l  wecz. In  t h i s  prlnciTa1 ere& the p s s s m e  is 
BeqenCicclm t o  Lkte f l a t  plate.  The p o ~ i - k l v e  pressure R on the lower 
surface is as great; as tLe negative Ipreseure on the upper surface. 
The r2sulta:it 2R of t h i s  pressure is inclZned t o  the rmr. The re- 
su l t an t  of S and 23 givas the tktal  force T a t  the wine. Since, 
aside from fluid f r i c t ion ,  8 wjng of i n f i n i t e  span sxpzrieacas no 
drag, t h i s  r e su l t an t  i s  perpend-icfilar t o  the flow velocity V. 

The flow a t  the 

m-e fgyce 

R 

Mcw it can be proved tha t  in  the lower half cf the pr inc ipa l  area 
of the wing an2 -1, tlre princiTal area of an ident ica l lg  formed planing 
surface (cf.  f i g s .  3 and 4) ident ical  flows prevail ,  provide4 the angle 
of a t t ack  is i n f i n i t e l y  small. The lower eurface of the p l a n h g  Burface 
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then experiences the same force  R as t h e  lower eurface of the wing. 
Suction force does not appear on the planing eurface; i n  i t s  place there 
occure the spray. ThereZoi-e the t o t a . 1  force R on a planing snrface is 
equal t o  half the tota.2 force  T of the i c l en t i ce lb  formed and identi- 
call; moving winif, less h a y  the suction force E, o r  mathelvatically 
expressed: R = - T+ (- - S) 

2 2 

This comparison i s  val.id f o r  siirfaces of any shape, any boundary, 
and any s ta t ionary o r  nonetatlonary motion, so long as the angles of 
incl inzt ion of t.h.2 surfaces ai-e cveyywhere very ( inf in i te ly)  ~illa11. and 
gravi ty  c a n  be Uicregarded. Cn the planing myface tile suppression of 
the suction force of the wina cormsponds t o  the foundaticn of the spray 
drag We = 1 S .  The eprag thic,knesa i s  thcreforo defined by the suction 

force  of the wing: Suction flow of wirg and root  f low of 

the planing surface become identical.. tcward the border of theso areas 
and change smoothly i n t c  the p3ricipa'l flow. Figure 3 indicates  the 
form of the surface f o r  several  infIn:'.tely vide, c i r cu la r  curved plan- 
ing surfaces. 
frm simple eGuatiorls (cf. wpendix) . An yp-ard.ly curved p l a t e  with 
zero angle of a t tack gives a l i f t  withcub ex-periencinc drag. 
wardly curved p la tes  experienc? e i the r  ~ t n  up-ard  o r  a downward force  
depending on the angle of a t tack.  
raises the spraa- drcg a8 compared w i t h  the f l a t  plate .  

C, U 
2 

8 = ___ . 
4PbW 

Lif t ,  b a g  ( s p a y  lbag), m d  spray thickness are obtained 

Down- 

Govnward camber lowers the  l i f t  and 

Application of Aiz-foLI Cornprison t o  P la t e  of F i n i t e  Span 

A brief sumronry of the r e sn l t c  of Trandtl 's  a i r f o i l  theory (refer- 
ence 3 )  is indicated. 
span, f o r  the wine with f i n i t e  epan b the f l u i d  pressed downward- by 
the wing can e s c a p  l a t e r a l l y  upward and flow toward the  upper surface 
(f ig .  6 ) .  
and has a marnitudc 

In  contra d l s t h c t i o n  t o  the wjng of infinite 

Th i s  addi t ional  downwmd veloci ty  occurs i n  f r o n t  of the w i n g ,  

i n  the  median area of the  surface and increases t o  fa r  behind the  
w i n g .  T h i s  downwach vi is almost constant over the  e c t i r e  wini3  wyan. 
It is dependent upon the l i f t  
shape. 
a downward incl inat ion f o r  a downwash angle 
a curvature. 

width ( 2  smaller thar aboat 1/3 b) . 

2vi 

T end the p l a t e  width, but not on the  
Thus, cornparch t o  the  p l a t e  of i n f in i t e  span the  fiow eqi t r iences  

&= vi /v and, i n  addi t ion 

Consider first the case of the win; :  tllat i s  shor t  compared t o  i t s  
I n  t h i s  instance f o r  a good 
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approximatlon the curvature of the f l o w  can be neglected; that is, the 
angle of downiash 
of the w i n g .  
t o  those of a wing with i n f i n i t e  span a t  an angle of downwash 
making 
f i n i t e  span. I n  consequence (cf. f i g .  y), the force is inclined backward 
an amount Bi; t h s  w i n g  of f i n i t e  span thus expertences a drag 'ilj. = T P i ,  
ca l led  the "induced drag." 
energy of the downwash remaining behind the w i n g .  

P i  may be considered constant i u  the  e n t i r e  range 
Flow i n  the zone of the vim and forces  then correspond 

the "effective angle of attack" of the w i n $  with 
P i ,  

pW = fl - p i  

This drag f inds  expression i n  the motion 

This argument is  now applied t o  the planing surface (cf f i g s .  19, 
20). The plsning surface of f i n i t e  width b and no excessive length 
is subjected t o  the 8ame l i f t  A and the  same spray dra;l;' 11 as an 
ident ica l ly  wide piece of an inf in i te ly  wide p l a t e  of the same i.'.rofile 
but Pet a t  an angle is  Less by  

TO t h i s  is  added, an inaaced drag due t o  downwash 

which is dependent u?on the t o t a l  l i f t  and the width of the plate ,  but 
independent of the p l a t e  form, (hence of thc pressure d is t r ibu t ion  over 
t h s  p l a t e ) .  Since "hfs drag corresponds t o  t h e  motion energy i n  the 
water behind the yian-ing surface, it is logica l ly  iden t i ca l  with the 
wave drag of a planing process under the e f fec t  of gravi ty .  

For p l a t e s  of great  length (reference 4) it is  necessay  t o  consider, 
as ide f romthe  incl inat ion of the flow, i t s  curvature. 
the  f i a t  p i z t e  in  curved flow I s  exactly th& sane as thGt of LL platt; with 
downward curvature i n  a r e c t i l l n e a r  flaw ( f ig .  8), so tha t  

lift a-d hence the  induced drag is decrsased, but the  spray drag is 
izlcreased. 

The behayior of 

- w i L h  re- 
epect t e  Ch- W A A G  +l------ UUGWL-Y of tiie short  p l a t e  c,nd given angle of a t tack  - the 

Figure 9 shows the induced drag and the spray drag ccnpared t o  the 
t o t a l  drag f o r  flat planing surfacee. 
drag equals the t o t a l  drag; it then decreases and reaches the minimum 
proportion of about 45 percent at  around 
its prapor+,ior: r i s z s  again am€ ultimately reaches i/2 for very long 
plates. 
gravit$--free motion and f o r  very ( in f in i t e ly )  small sngles of a t tack .  

For very shor t  p l a t e s  the spray 

t/b = 1.3. For longer p la tes  

It is emphasized t h a t  t h i e  resul t  h o l b  exact12 only for 
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The induced drag i s  not avoidable f o r  any given p l a t e  width. 
other hand, the sprag drw can be minimized by appropriate design shape 
(curvature of p la te ) ,  if t h i s  1s consistent with the other pmgert i68 
of tho planing boat. 

On the 

V-Bottom P l a n i w  Surface 

A s l i gh t  V (f ig.  10) affects  the  l i f t i n g  force very l i t t l e  accord- 
ing t o  both the theory and the  tests. Induced drag and spray drag &re 
i n  the same r a t i o  as f o r  f l a t  p l a t e s .  Curvature of the  planing bottom 
i n  the longitudinal direct ion lovers the spray drag in  the same deqjree: 
as f o r  f l a t  p l a t e s .  (A very simple s i t u a t i o n  ie obtained f o r  t k s  "ex- 
treme case of long p l a n i w  surface, 0 reference 2.) 

The sprey i s  prc  Jected l a t e r a l l y  (cf. f ips. 21, 22, 2 3 ) .  If the 
normal t o  the forward edge of the preseure aurface is  p lo t ted  i n  plan 
( f ig .  12), the angle between the planing d i rec t ion  and the d i rec t ion  of 
veloci ty  Vrftl 

(reference 2, p. 2, las t  paragraph). 
veloci ty  is V. -' ?.%solute velocit:-' Vab an boats with grea te r  v 
and e s p e c i a l u  small angle of a t tack is very nuch smaller than the 
spray ve loc i t r  2V of boats with zero V-bottom. Since the sprays have 
the erne energy, however, they a r e  correapondingly thicker  on the  
V-bottom boat. 

of the spray water r e l a t i v e  t o  the boat is bisected 
The mamitude of the lY?lative 

0, 

The f l o w  processes i n  the forward a rea  can be approximately C O P  
p c e d  with the v e r t i c a l  penetration of a wedge i n t o  the f l u i d  surface 
a t  a speed Vp. The l a t t e r  process y ie lds  t o  theore t ica l  solution, a8 
w i l l  be ehcwn elsexhere (cf. f i g .  17). 

The ensuing pressure d ie t r ibu t ion  i e  shown i n  f igu re  10. Scme 
date  is afforded by the theory regarding the decrease i n  planing force 
f o r  marked V-bottom, but these uncertain r e s u l t s  w i l l  not  be discussed. 

Effect  of F r i c t ion  

On tho planing surface the speed increases from the s tagnat ion 
point i n  direction of the flow, t h a t  is, forward and rearward, reS?ect- 
ively, (fig. 11). In such cases, according t o  Prandt l ' s  boundary l a y e r  
theory, .the v iscos i ty  of the f l u i d  merely causes the appemance of a 
f r i c t i o n a l  force i n  the d i rec t ion  of the plate ,  which can be subse- 
quently accounted for. Separation phenomena ana vortex formations Si? 
ilar t o  the  processes a t  the upper n u f a c e  of a wing o r  a t  the s t e r n  of 
a ship, cannot occur on f l a t  o r  sl.ig;htly curved planing surfaces  (c.n 
markedly curved p l a t e s  with small angle of a t t ack  (fig.  5 ,  top, f o r  
example) the speed along the flow c m ,  of comse, dccreaee); such Plan- 
ing surfaces have no form drag. 
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thrown forward a t  the bottom m e t  also be observed. 
of a t tack  p the agMmic drag W = R tan 8 is low and accordingQ 
the spray on f l a t b o t t o m  planing surfaces i e  very thin. 
Sottorf model t e s t e  w i t h  planlng eurf'aces the calculat ion gives spray 
thicknesses of from about 0.1 t o  0.2 millimeter at 5' q l e  of attack. 
If the e n t i r e  spray were exactly in forward d i rec t ion  and completely 
decelerated by the f r i c t i o n  a t  the bottom the f r i c t i o n a l  force  directed 
fo?ward would. be half as grea t  a8 the spray drag, 
vexy l i k e l y  h i t 6  the water before complete deceleration, and besides, 
p a r t  of the spray is directed obliquely sideway6 as a r e s u l t  of the cur- 
vature of the forward contour of the pressure area. 
only a port ion of half the spray drag cem be recovered by the f r i c t i o n .  

When considering the f r i c t i o n a l  force  the f r i c t i o n  of the spray 
A t  amal l  q l e s  

@or the 

The spray, howevw, 

Ia consequence 

Q X I  y = k G t t a  h,G&tS (f?s. 22) && 6V8fi  EEp6 60 aIi gl&ijj boat6 V i a  
grea ter  V or less angle of attack, the r e l a t ive  epeed governing the 
f r i c t i o n ,  i e  inclined obliquely backward, 
by the backward directed f r i c t i o n a l  drag cd' the thick spray water layer. 

Thus the spray drag is augmented 

Coneideratioa of Gravity Effect 

Because of the mathematical d i f f i c u l t i e s  involved i n  comprehending 
the e f f e c t  of wavi ty ,  knowledge concerning t h i s  condition is meager. 
The following considemtione a re  given w i t h  the aid of the reeul te  of 
the gravity-free condition. 
problem (fig. 12). A p l a t e  of very (inf'initsly) grea t  width b ie held 
in  the flow. The p l a t e  then experience8 a preeaure p on its lower 
surface. 
t i o n  of the re la t ions  between preeeure d is t r ibu t ion  and p l a t e  form, On 
the other hand, euccese (reference 5 )  i n  computing the drag of the p l a t e  
for any chosen pressure disi;;-ibution on the premise of i n f i n i t e l y  small 
inc l ina t ion  of the f l u i d  surface wae obtained. The preee-me area  is di- 
V A U ~  into eeparate pressure lines with the l i f t i n g  force AR - p b 4 x .  
Each presetme l i n e  producee, aeide from a loca l  disturbance, a wave ema- 

Consider, f Irst, the two-dimensional flow 

It was, however, not possible t o  obtain a eatief'actory explana- 

-3 3 

The t o t a l  wave behind the pressure surface COn8it3t13 of the am of 
a l l  them individual waves of the stme w&ve length, however, the  d i f f e r  
e n t  or ig ins  (of the various preasure lines) must be noted, 
a of thie t o t a l  wave determines the wave energy and hence the wave 
drag (gravity drag) of' the planing surface: 

The height 
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Hence, 
r e l a t ive  t o  the lehgth of a wave,that i8 ,W all . the-lindiVidua1 waves em- 
m t e  from almost the same place, the height a of the t o t e l  wave ' 

if the length of the pressure surface (planing skt'ace) 3s mall 

2R . a =  
b P W  

is independent of the special  press&e dis t r ibu t ion  q d  the eventual 
appearance of a pressure peak,. tinat is, independent of the form (of the 
p ro f i l e )  of the planing surface. The wave drag a l so  

is independent pf-. the p ro f i l e  of the planing surface. 

The wave drag is proportional t o  the accelerat ion of grav i ty  5; 
f o r  gravity-free motion and i n f i n i t e  p l a t e  w i d t h  there is no wave 
drag, i n  accord with the foregoing considemtions. How does t h i s  drag- 
produciw e f f e c t  of gravi ty  originate? 1 

In w a v i t p f r e e  motion a e  yates in  f r o n t  of t i e  pressure surface.  
r i s e s  (fig. 13); t h i s  areaa is ca l led  "impact mea.'' 
minished through the  act ion o f .mav i ty ,  or i n  other  words, in  compari- 
son t o  the gravity-free motion the aceelerat ion of gravi ty  impart0 a r 

supplementary, downwerd velocity:  vg t o  the water before the planing 
suface. XI?, f o r  example, the pressure &rea is shor t  compared to the 
length: of the impact area, the downward ve loc i ty  i n  the area of the 
pressure surface i s  very approximately constant. 
r o a t i o n  of- the e n t i r e  flow picture  through en angle of 
the d r q  introduced by the 'gravi ty  is  already 'exact ly  ham, 
puted from the r e l a t ion  (f ig .  13) 

I '  

This r i e e  i6 di- 

This correspgnds t o  a 
138 = +. since 

Pg is  COP 

- % =  %3 (8) 
' g -  A P e b  

1 (The ~ O I I - O W ~ W  consideration mer,ely serves t o  i l l u s t r a t e  the proo- 
ees and, a6ove all., t o  estimate , t he  c-e i n  gravi ty  e f f e c t  on p l a t e s  
of f i n i t e  width. 
can be represented by a ro ta t lon  of the flow pic ture  according t o  ,equa- 
t i on  (8) follows from the independence of the gravi ty  e f f ec t  on the 
pressure dis t r ibut ion,  
i n  the author's a r t i c l e ,  reference 2, par. 12).  

That $the gravi ty  e f fec t  on i n f i n i t e l y  e\ort  p l a t e s  

The proof can be adduced i n  sMlar manner a8 



For the  sake of clearneEis the form of..the pressure suxfaoe had been. 
chosen so  as t o  produce no spray, 
exW?le, there i s  a gravi ty  drag wg = pg R t o  which corresponds the 
ro ta t ion  of the f low pa t te rn  through angle pg and the wave energy, and 
i n  addition, the spray drag We = (p - pg) R corresponding t o  the sprqy. 

But if a f l a t  pl-ate i s  uskd, f o r  

The spray drops back i n  the water in  f r o n t  of the plate,  where i t s  
Becmse the  theory of tins pressure e l l e r a  i s  diss2pLted as t;ubulence. 

l i nes  postulated infinitely mall lncl inat ion of the f l u i d  surface it 
has f a i l e d  for a l l  p la te  forms on which spraps or iginate  (and t h i s  in- 
cludes prac t ica l ly  a l l  the u t i l i zed  p la te  forms), since the inc l ina t ion  
of the f l u i d  surface at the  spray i s  nearly 180’- After grasping the  
r e l a t ion  it w a s  easy t o  accoimt for the spray on short  plates .  However, 
%t ‘le ilct 6iEicui. t  t o  apply the pressure l i n e  theory t o  such flow proc-- 
ernes even For  f i n i t e  p la te  length (cf. aigendix) . 

Fin i t e  Plate  Width 

A n  estimation will give a picture of the several  e f fec ts  f o r  p la tee  
of f i n i t e  width. First, consider again the p l a t e s  of very small length. 
Spray and apray +-as may be discounted f o r  the present. 
termined later f o r  the given p la te  form when the downwash due t o  gravity. 
and f in i t e  p l a t e  wldth is  known. 

It can be de- 

The gravity drag f o r  such E. short p l a t e  i s  computed as i n  the case 
of an i n f i n i t e  p la te  width and the induced drag is computed separately 
f o r  g r m l t y - f r e e  mgtion, thus 

4 E2 w i  = - -  
L PV2b nb PV2b 

2x R2 IJg = - - 

According t o  these fmmulas the gravity drag ie mailer t h m  the ~ p m y  
drag, when b < N 1/5 L. 3ut  then it i s  a l so  possible t o  ccmpute fi;r 
gravity-free motion +.he b p c t  area f o r  f i rd t e  p la t3  w:dth (rzfarence 
2, par. 12), and t h i s  calculation shows t h a t  the v n l n ~ e  n,gi the Z~m?e.rA 
extent  of t.he impact area U n i s b e ~  very repidiy with decreasing p l a t e  
width. From t h i s  it can be cclncluded t h a t  the gravity drag introduced 
by the  iasazt mea l a  aubetantially leas on p la tes  of f i n i t e  width than 
for plats8 of i n f i n i t e  width, so  .that f o r  p la tes  cf 
f e c t  of the gravi ty  should be imimportant. 
small p la t e  widths which comprises the technically important processes, 
the induced drag comes cloee t o  the correct value9 

b < I/> L this ef- 
Ae~ca  for t h i s  r~g:: c? 

Expressed i n  othbr words: while the water i s  p e s s e d  downward be- 
bind the p la te  and l a t e r a l l y  upward behind the pla te  of f l n i t e  width 
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(f ig .  61, and gives r93e t o  a wave motion due t o  the ac t ion  of gravity, 
these procesces behind the 6hoi.t p l a t e  nave no rectroact ive e f f e c t  on 
the flow a t  the plate .  The wave drag (if' one w a n t s  t o  c a l l  it t h a t )  is 
i den t i ca l  with the induced drag. 
p a r t  falls in to  .'-? . -@on of ugwmd veloci ty  produced by gravity.  The 
drag (wave drag) is then, a8 tke t e s t s  a l so  indicated, smal-lsr than the 
induced drag f o r  gravity-free motion, the gravi ty  then ha6 a drag- 
reducing effect .  

c 

If' the narrow p la t e  i s  long i ts  after-  

A n  attempt is  made t o  obtain an understanding of the region Of 
t r ans i t i on  from f loa t ing  t o  planing by means of a calculation. 
the t e s t  da t a  f o r  the speed of maximum water drag of hydroplanes, 
Schiffbau, July 1929). 
a t  r e s t  has the displ-acement l i f t  kepl 
ing oyer gravity-free f l u i d  has the planin@ l i f t  according t o  equation 
(19) (wi th  f = 0) 
when 

(Compare 

A f l a t  pl.anin5 surface with v e r t i c a l  s ide  walls 
= 1/2 y b 22 p, a surface glia- 

The two formulas y ie ld  ident ica l ly  g rea t  lift values, 

hence, f o r  example: 

f o r  - = b o )  b 
1 

1 b 
2 

f o r  - = 

1 1 
L 4 

when - = - 
2 1 
L 6 when - = - 
1 1 
L .  10 

when - = - 
the t r ans i t i on  in  these condi t iom of p l a t e  l ~ n g t h  

and wave length takes place between the predominance s t a t i c - l i f t  and- 
the planing a t t i tude .  

Compariscn with Experiments 

For gravity-free motion, the planing force R, i n  otherwise idon- 
t i c a l  conditions, increases propor t ioml ly  t o  v2. The value R / v ~  18 
therefore, a t  given p l a t e  width, dependent only upon the angle of a t tack  
P and length 2 of the pressure surface, Figure 14 shows P plo t ted  
against  1 f o r  four  R / v ~  values w i t h  p l a t e s  of 30-centimeter width 
according t o  Sot torf 'e  planing t e s t s  (reference 6). The t e s t s  were 
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made a t  four speeds; the t e s t  Foints f o r  the same s ~ e e d  a re  combjned 
in to  a curve. 
p l a t e  theory is a l so  shown. 

The curve computed f o r  gravity-free motlon bs the  short  

I n  the two top figures (and also approximately i n  the th i rd )  the 
t e s t  s e r i e s  with the high speeds 
coincide. 
fluence, i n  these t e s t s  an exact theory of gravity-free motion should 
agree with these t e s t s .  
the  small loading, (top f i g . ) ,  that is, g t  srnall P com2ared t o  the 
other f igures ,  the t e s t  curve6 are  up t o  20 percent above the theore t ica l  
curve. Par t  of tkiis discrepancy may be a t t r i bu tab le  t o  the f a c t  that i n  
the test the maximum leng%h of the wetted surfaco, namely, the length i n  
the center  of the planing surface,wes otaerved, while the theore t ica l  
~ U V G  s-r;lar~ io the mean iengtn. Prooably the e f f ec t  of t h s  f r i c t i o n  
on the th in  spray i t e e l f  hE28 s l igh t ly  modified the flow i n  the area of 
the forward edge ~,:*t ,h r e s p c t  t o  the theory. 
f o r  mall lengths seem t o  point towar5 t h i s  e f f ec t .  

'1 = 6.8 and 9.5 meters per  second 
Since the Froude number and conseqGently grrtvity has no in- 

For the short lem-tlis, a d  par t icu lar iy  wirer 

P,.. ----. -- - n - - 

The sca t te red  t e s t  points 

For grea te r  le ra ths  ( 2  > b/2 = 15 cm) and smll P (top f i g . )  the 
short  p l a t e  theory y i eXs ,  as s ta ted ,  too much l i f t  and too small 
With some e f f o r t  t h i s  divergence could also be determined theoret ical ly .  

P. 

For great  t an8 great p, on ;he o t h e r  h_4.nd, t h e  water t3tammt3 
pas t  the  lcng s ide  edge with l a t e r a l l y  directed speed ( 2 - g .  15); i n  
ccmparison t o  small 
ward'; the  angle of a t t ack  i s  then smaller than ccmputed by theory. 
(Cf . f igs .  3 and 4. ) 

p a wider Fortion o f  the f lu2d is pressed down-- 

The same phencmenon occurs, sltho;igh not es con- 
, spicuously, i n  a i r f o i l  tesf.8 (reference 4 ) .  

I n  the t e s t a  a t  low speed V = 4 metera per second the gravity 
has a subs tan t ia l  l if t- increasing and drag-decreasing e f fec t ,  especial ly  
a t  g rea t  lengths. 
L = 10 meters, 
f r 5 m  f l c a t i n g  t o  planicg given sy equation ( 9 ) .  

Since i n  t h i s  c8,se the wave length anouats t,o 
it closely apprcachee the length for the t rana i t ion  

'It ie eusPezte0 ttllat a wider water mas8 s n t a i i s  a greatar  spray 
drag (simiiari~ for 2lnnir.g cf 8 vidzr  plate). IZ agreeiiient ~ 5 t h  tX.6 
Sprays appear t o  r i s e  f romthe  forwwd edge of the pressure surface a6 
Well as from the s ides  (from the t i p s  of f i g .  15) .  
however, and hence the  energy i r ?  these sprays is  probably small. 
t a i l e d  discussion of these sprays seem superfluous, s ince  a def in i te  
segaratinn of s p r q  k ~ g  arid y~vs &fig a t  f i n i t e  migieE3 of inci inat ion 
of the plate is, moreover, not possible. 

The abaolute speed, 
A de- 
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This b q o r t a n t  zone of' t r ans i t i on  from f loa t ing  t o  planing can be 
analyzed by the presswe point theory. 
lem where the pressure su face  w a s  replaced by pressure l ines ,  the ac- 
t i on  of a f in i te  planing surface can be represented by a d is t r ibu t ion  af 
pressure points on the f l u i d  surface. Calculation of the accompmying 
wave drag has actual ly  been accomplished by Eavelock and Hogner, and 
Weinblum worked out a number of model problem (reference 7) . 

As i n  the twc-d.Uaensiona.1 prob- 

However, t h i s  theory s t i l l  offers  scme d i f f icu l t ies .  
al l ,  auccess was not a t t a b e d  in  comput5ng the form of the planing Sur- 
face f o r  a given pressure d is t3but lon;  hence, an enalysis of the effect  
of the form on wave drag and par t icu lar ly  on spray drag should prove 
d i f f icu l t .  Furthennoye, in the theory the f i n i t e  pressure d is t r ibu t ion  
is re;,laced by the Fourier integral theorem ( inf ini te  s e r i e s  of s ine 
funct5om). Thie substi tution, houever, lead8 i n  the extreme case of 
an i M I n i t e l y  small planing aurface, t o  an i n f i n i t e b  grea t  e r r o r  (of 
couree, only logarithmlcally grea t ) ;  the calculat ion then gives too 
high a drag by am amount 

F i r s t  of 

16 R2- In -I bV2 

n P V2 b2 gZ2 

This error prevents the tie-in with the e r a v i t p f r e e  motion and makee 
a c l e s r  representation of the gravity e f fec t  d i f f i cu l t .  Moreover, the 
t rans i t ion  f r o m  f loa t ing  t o  planing does take place on planing sarface8 
of amall  dimene' , J  compared t o  wave length, and it would hava t o  be 
explained how great  the e r ro r  is  i n  t h i s  zone. 
f o r  the pressure peak as it consistently occui-8 at  the forward e d p ,  
should r e su l t  i n  an increase of the error,  and so t o  an apparent in- 
crease i n  wave drag which does not e x i s t  a t  a l l  in  r ea l i t y .  

And l a s t ly ,  a l l O W e J l C e  

Weinblum's calculation indicates  that  the  defecte of the theory, 
f o r  sm.al1 planing eurface, a r e  i n  the expected direction; but  the drag- 
reducing s rav i ty  e f f ec t  f o r  long, narrow p la t e s  i s  ale3 Iuanlfeet. 
anticipated that the pressure point  theory w i l l  u l t i a a t e l y  succeed i n  
elving a c lear  representatior, of the gravi ty  e f f ec t  f o r  the case of 
s m a l l  p. 

It 18 

L 
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, Nonstationary Procesaee 
. .  

, .  .Impact a t  a Step 

, I l l u s t r a t i v e  of a nonstationary process is the impact of a s tep 
(two-dimensional problem) f o r  gravity-free motion shcwn in f igu re  16 
(reference 2, p. 208). 
the  water. 
face. In the shaded wee over t h e  surface f a i r l y  high horizontal  speeds 
prevail .  The spray reaches up t o  D. The inpact fora> can be calcu- 
lated; the pressure d is t r ibu t ion  was not  computed. 

C is the point a t  which the s tep  f i rs t  touched 
The arrows indicate the speed at  several  points  of the sur- 

Impact of, V-Bottom Boat 

length) on the water (references 2, and 8), 88 represented by the drop 
of a planing boat tossed upward by the wavee. The form of' the water 
l e v e l  and the pressure d is t r ibu t ion  f o r  several  succeersive phaees of 
t h i s  process are indicated. 

Figure 17 shows the v e r t i c a l  impact of a T--bottom boat (of infinite 

The react ion t o  the downward acceleration of. the-water is a pres- . 
sure on t4e planing surface. Since in the subsequent couroe the mid- 
area o? the water has eLlready asswned the speed of the boat, ahd on the 
edge new p y t s  of the water are  involved, the *press lm a t  the edge 'of 
the pressure eurfrtce i s  great, especially if the  bottom surface has 
l i t t l e  hrclination. 
i 8  decelerated again durfng the g r ~ c e s e ,  negative preseures mar even 
occur in' the median pa r t  of the boat. The apray flung off l a t e r a l l y  
contains the greaker par t  of the motion energy given off by the bow Dn 
the  water. Assuming a rigid boat the calculat ion is  comparatively easy 
fa- f o r a  of bottm. 

Since the boat and bmce the downward movik water 

Figures 19,. 20, 21; and 23; phot.og.@lc rexrcle +&gn ?I? +&e 
Figure 22 is  taken from a H 3 d r a U l i C S  and Marine research laboratory. 

r epor t  by Sottorf (reference 6). 

Figure 19; flat, planing glase plat8, photographed ve r t i ca l l$  . , 
from above; width b t PO c6ntirnF%ers, l e ig th  of p r e e e w e  31wface 
2 = 350centime~ers, over a l l  lenbth of plate:  60 centimeters, angle 
P = 10 ; planing speed v = 6.5 m+uem pcr  second. 

the  planing surface. 
I n  these and in the succeedin6 photographs the camera moved with 
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The epray thrown forward (calculated thickness about 0.8 arm) Is re- 
tarded by the f r i c t i o n  on the g lass  p l a t e  and u l t i na t e ly  stopped by t he  
r e l a t i v e  wind and bent back. 
f r o n t  eQe  of the pressure surface, and the spray leavin@, the l a t e r a l  
point8 of the forward edges obliquely backward are  p la in ly  v is ib le .  
Only a amall amount of spray shoots from the side of the p l a t e  a t  the 
water surface (fig. 15), and i ts  absolute speed i s  low, the apparently 
high speed ( tha t  is, the r e l a t ive  epeed) is only due t o  the f a c t  t h a t  
the camera moves with it. 

Almost a l l  of the spray cones from the 

The disturbance of the epray a t  the right-hand f r o n t  edge Of the 
p l a t e  seen i n  figures 19 and 20 is a t t r ibu tab le  t o  the p la t e  attachment. 

Figure 20: f l a t  glass p la t e  ae i n  f igu re  (lg), but with P = 25', 
taken diagonally from the rear.  Because the spray thickness ( for  equal 
proportion of spray drag t o  t o t a l  drag incremes  with the square of the 
speed, the spray formation is considerable. 
and par t icu lar ly  i t s  nonvieible part were added l a t e r .  
edge of the pressure surface l e  covered by the spray; it i e  located a t  
about the e m  place as i n  f igure  19. 

Figure 21: V-bottom glass plate,  20 centimeter in width, angle of 
dead r i s e :  180' - 2.20' P 140'; p * 10'; other  pa r t i cu la r s  as those of 
f igure  19. Clearly v i s i b l e  is f r o n t  edge of pressure eurface (runniq 
diagonally backward from +he keel) and the forward l a t e r a l  edge of the 
spray under the glaeg p l a t e  (almost croeswise t o  the spray): the asme 
metry is probably due t o  an inc l ina t ion  of the water surface following 
a wave. 
t h in  and is immediately blown backward by the sl ipstream on leaving . 
the protecting bottom surface, while the p a r t  of the spray emerging 
f a r t h e r  back from the forward edge of the pressure eurface maintains 
i ts  direct ion longer because it is thicker. 

The contour of the p l a t e  
The forward 

The part of the spray forming the forward l a t e r a l  edge is very 

As a continuation of the forward edge of the pressure eurface on 
each side tovwd the back a br ight  curved line i e  v i s ib le .  Along th ie  
l i n e  a scarcely discernible plume emerges from the  f r e e  surface which 
in  f i8Ure 22 forma a p la in ly  v i s ib l e  b l i s t e r .  . The inc l ina t ion  of t h i s  
b l i s t e r  along i t s  point of or ig in  is f a i r l y  great,  considerably grea te r  
than the angle of dead r i s e .  
low absolute speed as proved b y , t e s t .  
proved t h a t  such a b l i s t e r  cannot form on f l a t  bottoms. 

It8 slight l a t e r a l  extent  points  t o  It8 
Theoretically it can be readi ly  

Figure 22: on V-bottom (as i n  f ig .  21) the epray fcrming at* 
preseure surface i e  comparatively f la t ,  while the forward edge of 

f a r t h e r  back the steeper plume corn- f r a  the f r e e  surface forms the 
b l i s t e r .  

from the rear .  
Figure 23: V-bottom p l a t e  as i n  figure 21 photographed diagonally 
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APPENDIX 

C O R R S W i X O  MATEMAT'ICAL RESULTS FOR THE ANALYZED LIMITDTG CAS3S 

resu l tan t  force on the plan- surf'ece 

l i f t  

t o t a l  drag 

sprey drag 

induced drag (due t o  f i n i t e  planing surface width) f o r  gravity- 
f r e e  motion 

g r a v i t r  drag (wave drag) f o r  plani-ag 8r;rface of i n f i n i t e  width 

moxent of planing force about the t r a i l i n g  edge of the planing 
swface  

width of rlaning s u r f  ace 

average length of pressure surface = mea of presnure aurface 
divided by b 

deflect ion of curved Dlaning surface, maswed over the  chord of 
length 2 

angle of dowrLwash dug t o  f i n i t e  width of planing surface i n  
gravity-frea motion 

angle of downwash Cue t o  gravity f o r  planing curface of i n f i n i t e  
W i d t h  

planing 8: .  -- 

density of f l u i d  



16 

L wave length 

x auxi l iary quantity; t o  be taken from f igu re  18 
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Pla te  of I r i f ini te  Width; Gravity-Free Motion 

F l a t  Plate,  F in i t e  Angle of Attack 

R S X -  ’ P V2 &J b 2 
2 

W, = R sin pW 

A = R COS &,, 

Flat and curved p l a t e s  with infinitely small i n c l i m t i o n :  

\ R = A = n P V z b  f f + A  2 h f  

M = A n P V 2 b  f +: 2 p w )  

( 2  

W s = L f i P V 2 g  b Z  
2 

/ 

2 / 

These equations a re  exact with p = 43J for g r a v i t p f r e e  motion and 
i n f in i t e  p la te  width; it is  then w = w,. 

But i n  glven form theae equations axe equally applicab3.e t o  the 
following. 

F in i t e  P la te  Width; Gravity-.-Free Motion 

For plates with f i n l t e  span an induced drag occurs 1 (almost in- 
dependent of p l a t e  form and length) : 

- -__I--..- ------- __ --I-- 

LEquations (17) t o  (23) a r e  exact o n l y  for e l l i p t i c  l i f t  dis t r ibu-  
The differences i n  other caees can be 

In  con- 

t i on  over the span of the p la te .  
computed, b u t  are  of doubtful i n p o r t a c e  for the planin;: pro3lem. 
equations are a lso exactly val id  only f o r  i n f i n i t e l y  s m a l l  
sequence R was subst i tuted f o r  A ( in  contrast  t p  a i r fo i l .  theory).  

These 
P. 
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4 R" 
A P v2 b2 

Y -  (17) ' 

This equaCion @me no$ bold f o r  long plates and at the same tlae seater  
angles of' attack, 

For in f in i t e ly  short pla te8  equations (10) t o  ( i7 )  w e  va l id  with 

4 R  
R P V2b2 

pW = j3- pi where j.35 = 

From equation (1.8) and (131, (141, (171, f o r  example, It yie lds  

22 1 + -  
b 

P b - 4 f .  Ws = R (20) 

For any long f la t  p la t e  with i n f in i t e ly  small  P 

w s and - 
W W 

i n  respect t o  p l a t e  length are read from figure 9. 

Tnfini te ly  small inclination, any p la t e  few: f o r  e t a t ionwy  and 
nomtat ionary motzon o r  any shape o f  planing surface with any variable 
shape of pressure surface, the t o t a l  force 
e quat i on 

R follows the Y x t o r  

. 1  
2 

R e -  (T-S) 



T' 'denotes the t o t a l  force on the equally moving w i n g ,  whose shape and 
eventually variable contour i s  ident ica l  with t h a t  of the planing sur- 
face; i e  the resu l tan t  of a l l  suction force epplied a t  the leading 
edge of t h i s  wing. 

The, only d i f f i cu l ty  i n  solving the problem i n  a few cases (reference 
2, Secs. 10, 12, 14, 15) is the determination C J f  t.ho contour of the pres- 

S 

e w e  area of the planing surface. 

Plate  of Inf ini te  Width - Gravity Taken in to  Consideration 

Wave length is  given by the formula 

L = 2Lx2 
€3 

The wave height 
r e l a t ion  1 

a f o r  any chosen pressure d is t r ibu t ion  follows from the 

x indicates the posi t ion of the several  pressure l i n e s  pdx ( f ig .  12).  
From a the gravity drag (wave drag) (reference 5, p.  465, equtltion ( 3 ) )  
is 

If a pressure peak is chosen ori the forward edge with a pressure d i s t r i -  
bution corresponding t o  f igure  2 the spray drag (reference 2, equation(18)) 
follows from the respective spray thicknesa.  6 as 

We = 2 P V 2 ^ D b  (28) 

A problem s t i l l  t o  be solved is the c lear  representation of the  relation- 
ship between presaure d is t r ibu t ion  and p l a t e  form for longer p la tes .  
For ( in f in i t e ly )  short  p la tes  equations (10) t o  (17) 2 a r e  a2pIicabl.o with 

&This r e l a t ton  origlnatco with Lamb (reference 5, p. 451, equation 
(27))  by a g l i c a t i o n  of the l a w  of superposit ion t o  the j n f i n i t e l y  many 
pressuro l ines  pdx. 

2Equationa ( lo ) ,  (111, and (12), ahoiild remain exact f o r  f i n i t e  P, 
provided pg is  in f in i t e ly  small. But then it s h w l d  be observed 
( fo r  instance, i n  equation ( 2 9 ) )  t h a t  aside from the  planin@; force  
the reactive force  2V P \r 6 b 
the f lu id .  Hawover, t h i s  consideration was not  explored. 

R 
ColToEponding t o  the sgray, ac t8  on 
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The equations f o r  wave height anb gravity drag take the simple form of 
equatione ( E ; )  and (7), respectively,  

DISCUSSION 

Dr. F. Weinig: The sp&er has shown t h a t  f o r  i n f i n i t e l y  mall 
angles of a t tack  and gravity-free motion the flow on the lower surface 
of a planing surface is  exactly comparable with tha t  at the lower surface 
of an a i r f o i l .  
mately va l id  f o r  grea te r  =lee of at tack also.  
t h i s  comparison can be proved on the exa@Ie of' the f lat  planing surface 
and the submerged f la t  plate .  
a t  the lower surface of the f l a t  a i r f o i l  and at the f l a t  planing surface 
for the area behind the etagnation point. 
close up t o  f a i r l y  g r e a t  angles of attack. 
supplemented f o r  the area before the stagnation point. 
on the planing surface i n  t h i s  area  drop^ asymptotically t o  zero - i n  
contradis t inct ion t o  the wing - the comparison requires a spec ia l  consid- 
e ra t ion  - the introduction of an effect ive levgth. 

It may bs ahawn that this comparison remains very approxi- 
The dependability of 

Figure 1 shows the pressure d i s t r ibu t ion  

The agreement is seen t o  be 
T h i s  comparison needs t o  be 

Since the pressure 

From the satisSactory agreement f o r  the area behind the stagnat ion 
point  f o r  the f l a t  p l a t e  we mesy in fer  a good agreement f o r  the other 
p l a t e  forms also.  
surface of any profile and any setting cculd be calculated. 
f o r  a s l i g h t l y  curved p ro f i l e  of the t h i r d  order is given here. 

t i o n  point  and trailing edge, making the s t ama t ion  point the "leading 
edge" of the prof i le .  
t r a i l i n g  edge is t o  have the abscissa x = - 1 and x = + 1; tho x - a x i ~  
is t o  be coincident with the profile chord. 
the equation 

I n  that event the presswe d is t r ibu t ion  f o r  a planing 
The resu l t  

By p ro f i l e  is  meant the P o w  of the planing surface bstween stagna- 

The leading edge o f  the thus defined p r o f i l e  and 

The p ro f i l e  is t o  follow 

Y = Y1 '- Y2 
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The flow past the profile is smooth when set at 
V vo = a 

3 
with respect to the horizontal. The velocity distribution at the pro- 
file is 

with X = arc cos X. Hence in this case the leading edge ( A  = f i )  

1, is no correct stagnation point. In general the profile where -- = 

must be s e t  at a greater angle. Let 6 = a - Vo 
respect to the direction V o .  

WO 
wo3 

be the setting with 

On the pressure side of the profile (cf. F. Weinig, W.R.H. 1931, 
p. 115): 

That is, the stagnation point lies in 
1 and E =  + 1 with eon I; = -.- cos 2 6 i6 to coincide with x = -- 

x = + 1. Hence 

6 = - coa 2 6. In OUT compari- 

F; = sin2 6 + cos2 6 x 
Furthernore the velocjties at the trailing edge ehe.11 be equal. 
first approximation 

In 

/-- --------- - =  1 -  1, - x, tm 6 WE 

WO 

1- sin2 6 

hence 
W6 /E - x + t m  8 1 - = [ 1 - v i  sin X + v 2  sin 2 X ] b-- 1 
wO / 1 + sin2 6 + 

J 
I 

J + t m  8 /I - x - = j i - v 1  sin x +v2sin 2 X 11- W6 

wO L /  1 + s i n 2 6 + ~  1 1  



NACA TI4 No. 1139 21 . 
must therefore be valid. for the  plan:'.ng surface prof i le .  
d i s t r ibu t ion  p, since a l l  V i  shall be small- is  i-eprcjduced by 

The pressure 

A s  found by integrat ion the l i f t  c0efficieP.t i n  f i rs t  approximat;ion i s  

The formula f o r  $ s t i l l  GiveF 8atiRfactoi-y resalts f o r  a p a r t  be- 
fore  the steznation point  when put t ing 

formula only up t o  where 

ual ized t o  be - three times enk-ged. Obssrve a l so  the water Eurface 
behind the plzning r w f a c e  ( f ig .  2).  
theory a wave p2-;L_,.,i behind the  planing surface can be secured f o r  the 
two-dimensional flow. Now, while agreeaent I s  t o  be expccted f o r  small 
Freude numbers, Bari l lon has reported t h a t  such agreenent occurs only 
d i r e c t l y  behind the planing surface. 
This r e s u l t s  i n  a flow process knovn i n  hydraulics as backwash (cf. 
Baril lon,  Hydrom. Probl .  d. Schiffs,  p. 139). 

h. = 7r f o r  thie p a r t  and. using the 

= 0. Subsequently %hi6 pa r t  i s  then vis- 
c_ 

9y Eems of the prcssuro point 

OnTy higller speeds are considered. 

The 'backwash behind a planing surface, the backwash behind 8 s lu i ce  
discharge an2 the smacking toguther of the  water behlnd a cavi ta t ion  
zone (fig. 3 )  have p e a t  similaritg. For t h e  pos i t ion  of the backwash 
the Porn  of the flow obstacle iE otvicusly of l i t t l e  importance. The 
control l ing f ac t c r ,  aside from the thicknesa b of the obstacle, 
evidently i s  the ratir, E?/ of t k e  s p e d  87; the trailing edge t o  tho 

undisturbed speed a t  some distance: 
a t  the trsi i lfng edge of a planing surface i s  a l i t t l e  hlgher than t h a t  
E t  the  s1zf'ace cf t h e  water cear the leadillg ecge vm. Let 2 '  be the 
wettad length: 0: the angle of attack. The t r a i l i n g  edge then l i e s  by 
h = 1' s in  a deeper than the leading edge. With 3 = 2- w2, then 

7 '2  

si2 = - w;"ax. The speed w m ~  
03 

?*? 

1 

2f.3 

whence 
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1' sin? R = l +  
H 

With.. b as the thickness of the f low obstacle the length of the  cavita- 
t i o n  zone was found (cf. Weinig, Hycirom. Probl. d. Sch. p. 294, o r  W.R.E 
1932, P* 235) a t  

L 2 

b R-1 
-I-.-- 

For the malogy of the planing surface b must be put = 22' s i n  a. 
Then 

- 2 - 1; 

2 2 '  sin a 1' sin CL 

H 
or 

The posit ion of the backwcsh on the planing surface is  therefore 
independent cf the angle of a t tack as long as the flow can be regarded 
as two-d.imensiona1. For  f i n i t e  width B of planing surface a relation- 
ship Kith aspect r a t i o  -__ 1' s i n  a j.3 addi t ive,  wave trains leavo from 

both ends of the t r a i l i n g  edge which approech each other more and more 
(cf.  Sottorf, Fqeriments  with Planing Surfaces, Pa r t  iV, aDpears shortly 
i n  W.R.H.). When these waves meet the water eprays high in  the  air, re- 
sembling a fountain (roach). The a n a l o a  of t h i s  fountain is, the back- 
wash. For the location of t h i s  rcach 

B 

t t  s in  u L 
H B 
7- - f  ( 

must be valid. By t,he quantity B i s  ~mderstood, as the int ,erpretat ion 
(figure 5 )  ( 0 )  01' sjotGorf'tr t e s t s  manifests, 

whero a 
planing surface. 

i s  the distance of t h i s  fountain from the t r a i l i n g  edge of the 

No difference iQ made i n  the  herivatioIis between 2 2 '  s in  a and E. 
Therefors, if t h e  premises are adnissiL7,e, it should 

A( 2 2 '  ;in u') 
1 

B 
/- - H 
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P 
The in te rpre ta t ion  of the t e s t e  inaicates ( f ig .  5, 0 )  t h a t  t h j s  even 
s t i l l  holds t rue  t o  Borne extent. 

In Sottorf 's  tests the values of a, 2 '  and a were determined. The 
tests were made a t  wo3 = 6 meters per second speed ead with six diffezent 
planing surface widths 13 = 0.15 + 0.5 meter. 
kilograms. 

The loaZ ing wa8 18 

Dr .  G. Wejnklm: nTatura!-ly other poss iS i l i t i e s  of ident i f ica t ion  
in  e a r l i e r  reports  f e l l  v i c t i m  t o  the  mat,hematicall.y d i f f i c u l t  explana- 
t i o n  of the gravity effect . . .  
afore-mentioned d i f f ic i i l t i es  and has presented t o  v.6 the r e s u l t e  of a 
planing theorg with which - i n  the vemacnlar of the speaker - sornething 
can be done. 

3rofemor 1,iagner contrived t o  escape the 

As concerns the presswe ;Ant theory a def in i te  advance has been 
schievad - the incli.!sion of the phriw b a s  f o r  p e s c r i b e d  bottcm forms. 

The intrcduction of the wi'ay concept, i , p  oppoi-tune Pnti wel l  founded 
i n  princi3le;  t h i s  porticzr of the f l u i d  motion coulc! natural ly  be a l so  
regarded as a p a r t  of th3 wave oroccss as the p-esoirre point theory does; 
but  there would not be Each gained by it, because a t  def lect ion of the 
spray j e t  the pa t te rn  of en infinitely small wave incl inat ion which 
hydrodynmizs uses ES bas is  of i t s  considereticns, f o m s  nc p rec t i ca l  
approximation. 

As voiced by e'-? chairman, the u t i l i za t ion  of the e i r f o i l  theory i s  
an important ad%-ance of the planing problem. 
t o  point  out mch an analogy of the processes i n  hi6 shlp theory. 
pas t  the  use of the term indweG drag w a s  regarded as f i c t i t i o u s ,  the 
consideration of wave drag was preferred but  P'agner's theory jus t i f  i e s  
Horn * 8 conceg ti on. 

Xorn wss yrobably the first 
In the 

ii. ';iagner's Rep]-y: "CDDCerDing the remirks by Ijr. itieinig om back- 
wash,etc. 
A r3-a  +,. u u  L--.- zAuai- bii&b L ul. n, ~ ~ - 2 - 1  w~~~~~~ lias aJ,i*a&dgr csncor;nad IiiinsaIf with ~ 9 -  pi-evi- 
O U S l y  published report  and i s  cble t o  indicate new devalopmxits, 
l i z i t z d  iqjqjeif i n  t'nis a i r f o i l  conparison to <ne case f o r  which I could 

i n  the pr inc ipa l  area the force on upper and lower surfece is the same. 
Dr. Weinig suggested an im2rovement of the cmrpcison ( for  t.he case of 
s ta t ionary notion) by referr ing it on the ving sc le ly  t o  the lover E r r -  
face and I would l i ke  t o  concur i n  his view t h a t  by t h i s  means a closer  
clfgec=;exi% f o r  greater wiglea of attack can 3 e  acfii4V6dr 

I am i-Lmb1.e t o  rep13 within t h i s  brief period. I W ~ B  greti-  

I have 

nhm exsct agreczcr&%; t h l a  io thC Gf' 7;; szall 2,yiglGE Gf attzck thEit 

I wish t o  thank Dr. Weinblwn f o r  h i s  f r iendly  exposition. I f u l l y  
agree with him. A s  t o  his remark about Dr. Eorn I wculd l i k e  t o  point 
out that Dr.'Hcrn, a t  least as regards the resistance,  has allu0ed. 
t o  a comparison with the a i r f o i l .  But ha did not carry tkrougn t h i s  
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comparison because i n  the abstmce of the knowledge of the spray drag un 
accurato comparison was Smpossibl-e. ” 

Translation by J. Vanier, 
National Advisory Cornittee 
for Aeronautics . 

1. Horn: Handbuch der phpika l i schen  und technischen Mechanik, Ed. 5, 
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.. 
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Flussi@ei” . Z.f .a.M.M., Aug. 3.932. 

deutsch von Hol l ,  Julius Spr iwer  (Berlin), 1929, p.  111. 
3. Glauert, B. : D i e  Gmdlagen der Tragf‘l&pl und Liftschraubenthewie, 

4. Blank, Heman: Der Eindecksr al8 tragend.e Wirbelffache, Z.f  .a.M.M., 
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Figce 1.- Slrzrfece cf 41uld m d  preseure dj~tribution for 
flat plates of infinite width in gravity-free motion. 
For plates of finite width angle P would be replaced 
by Pw according to equation (18); f o r  short plates 
of infinite width under gravity effect angle p is 
replaced by Bw acccrdir,g $0 eqmtion ( 2 9 ) ,  
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F i w e  2.- Presswe dis- 
tribution p over the 
plate tind flaw in the 
area of the sprw root. 
The streamlines sham 
are  those for moving 
plate and static fluid 
at infinity. 

suction point 
(enlarged) 

Figure 3.- Flat airfoil of infinite span and infinitely 
emall angle of attack B; suction point. 
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L Pressure on bo#om side 

Figure 4.- Fia t  pianixig aiirface of iafiEite vidth with,  
infinitely small angle B. 

Figure 5.- Surface of fluid and forces on several circular 
curved planing surfaces of infinite width; the forces 

cmpwatively to scale. 

29 
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Figure 6.- Prandtl's airfoil theorg; the wing of finite span 
is in comparison to the wing of infinite span - in a 
duwnwardly directed curved flow. 

Figure 7.- Comparison of forces at a wing of finite and 
infinite span. 

7 

c 

0 

' Figure 8.- The behavior of a flat 
airfoil in curved flow (top 
picture) is identical with 
that of a cambered airfoil in 
level f l o w  (bottom picture). 
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0.15 

0.50 

0.25 

0 I E 3 

Figure 9.- Contribution of induced drag Wi and spray res i s -  
t o  the t o t a l  drag W on f la t  p l a t e s  of d i f f e ren t  tance We 

aspect r a t i o  l/b. The theory of f i n i t e  p l a t e  length and 
r e l i ab le  a i r f o i l  t e s t a  include only p la t e  len@hs of 
0 5 2 b. Accordingly the curve beyond l/b = 1 was 
approximately lengthened up t o  the theore t ica l ly  accept- 
able value 0.5 f o r  p l a t e s  of i n f i n i t e  length (cf. refer-  
ence 2, p. 205). Section A-E A I 

B 

Figure 10.- Processes during +aning of V-bottom boat - 
= V is  the speed of the spray r e l a t i v e  t o  the V r e l  - planing boat; rabs - vrel is the absolute speed 

of the 

Figure 11.- The speed r i s e s  
i n  d i rec t ion  of the speed. 
In  consequence of which 
the f r i c t i o n  has no sub- 
s t a n t i a l l y  modified 
e f f ec t  - n o  form drag. 

, 
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2 r r z  LxJ L L - 7  
i 

Figure 12.-Division of a pressure surface (two-dimensional 
problem) in pressure l inee.  

Figure 13.- Tile gravity affects a eizkir~ cf the 
impact mea and aa a result thereof a rotation 
of the flow picture and the introduction of a 
gravity reeietctriG6 0" 

T t  
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* - - e  v w  + e 
1 I 

.to 30 30 w 0 

Figure 14.- F l a t  p l a t e s  of 30 cm i s  width compared by theorg 
and t e s t ;  the four p lo t s  correspond t o  the load groupe I 
t o  IV of Sottorf 'e t e s t e .  
camputed by equation (10) with B, according t o  
equation (18). 

The theo re t i ca l  values were 

Sot tor f ' s  t e s t  data were reduced t o  
' forces at  r i g h t  angles t o  the p l a t e .  

great 

Figure 15.- The t e s t s  indicate  
that a t  greater p, hence 
a l so  at  grea te r  depths of 
immersion, a wider port ion 
of the f l u i d  I s  Involved. 
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Figure 17.- &pact of a long 
V-bottm boat of 2 m total 
beam, 1100 Kg. per m 1 nngth  
in weight with an initial 
rate of impact of 3 m/sec. 
The figures are the impact 
force8 in tons per meter of 
length. 
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I I I I 
do to" &lo 4Oo 

Figure 18.-~iaep.am for predicting the mathematical quantity x. 
f3 For plates of finite width and for gravity-affected motion 

must be visualized replaced by Bw. 

Figure 19 Figure 20 

f 

t 'I 'w- i i  
Figure 21 

fi' r. 

Figure 22 
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Figure 24.- Pressure distribution at lower surface of the 
flat airfoil and at the lower surface of a flat planing 
surface for the area behind the stagnation point. 

Figure 25.- Surface of water behind the planing surface. 
(a) at formation of mvne 
(b.) at formation of backwash 



NACA TM No. 1139 41 

Figure 26 .- 

Cavzta f ion blister ,N> no / 

L h 4  

Flow pas t  a submerged obstacle with ca-ri tation. 

Figure 27.- Flow behind a planing surface of infinite width. 

J’ T sin a 

Figure 28 .- Wave. 


